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The  loglsticB  operation  considered  is  iiobedded  in  a  system  that  is 
suhjact  to  damage^  Natural  attrition  and  induced  attrition  can  bol^  oc- 
cur.  This  System  is  eoneemed  the  availabilil^  and/or  use  of  several 
different  types  of  items  during  a  specified  period  of  t^mie.  puxpose 
of  logistics  is  to  fusnish  transportation>  reduce  natural  attrition  through 
maintenance,  and  return  damaged  items  to  operational  conditioni  &e  capa» 
bili'^  of  the  logistics  Operation  is  examined  by  simulating  the  operation 
of  the  entire  system  for  the  specified  time  period.  The  damage  received 
by  the  Various  parts  of  i^e  system  depends  on  the  situation  at  the  start 
of  #ie  time  period,  the  use  made  of  the  items,  the  nature  of  the  induced 
attrition,  and  maintenance  procedures,  etc.  Attrition  occurs  on  a  proba¬ 
bility  distribution  basis  epd  is  introduced  by  a  Monte  carlo  procedure. 

The  time  required  to  return  a  damaged  item  to  operational  condition  depends 
on  the  lype  of  damage,  the  damage  received  by  other  items,  the  character¬ 
istics  of  the  logistics  operation,  damage  received  by  the  logistics  psirt  of 
the  system,  etc.  To  obtain  the  simulation  model,  the  overall  astern  is 
divided  into  subsystems  on  the  basis  of  the  use  and  location  of  the  items, 
the  properties  of  the  logistics  operation,  etc.  Ihe  time  scale  used  is 
discrete;  i.e. ,  all  li|q>ortant  effects  are  considered  to  occiir  during  one 
of  a  specified  finite  set  of  tine  intervals.  The  same  form  of  simulation 
model  is  used  for  representing  the  operation  Of  each  subsyst^  for  each 
time  interval.  That  is,  the  mathematical  model  has  the  same  functional 
form  but  the  variables  In  this  functional  form  can  differ  with  the  BUb<- 
^stem  and  time  interval.  These  subsystems  can  interact  in  many  ways; 
e.g.,  items  can  be  transferred  between  subsystems,  damage  received  in 
one  Subsystem  can  affect  the  logistics  operations  in  other  subsystems, 
etc.  Using  time  as  the  basis  for  coordination  eynong  subsyst«ns,  '^e  math- 
ematical  model  and  reu^om  anslgnments  for  attrition  can  be  programmed  on 
a  hign  speed  cpnqiuter.  The  simulation  is  performed  by  first  obtaining  the 
operational  residts  for  all  subsystems  at  the  first  time  considered;  then, 
using  the  results  for  the  first  time,  the  results  are  obtained  for  the 
second  time;  etc.  Examination  of  the  subsystem  results  for  each  time  in¬ 
terval  should  fiumish  a  good  indication  of  the  capabilities  of  '^e  logistics 
operation.  Repetitions  of  this  simulation  furnish  an  Indication  of  the 
effects  of  statistical  variation. 
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III  practice,  logiaties  operatidns  are  virtually  always  parts  of  Bya- 
teiiiE  which  are  devoted  to  the  accon^llshaient  of  osa  Or  more  specified  pur« 
poses i  Hien  the  suitahili1|r  of  a  given  logistics  operation,  or  the  relative 
desirahilitles  of  several  coD^titive  logistics  operations,  ordinazily  can 
not  he  determined  independeni^y  of  the  system  characteristics#  In  fact,  the 
worth  of  a  logistics  operation  seems  to  he  most  meaningfully  evaluated  hy 
consideration  of  the  hehavior  of  the  system  when  this  logistics  operation 
is  used. 

Mien  a  system  is  ei^ensive  snd  complicated,  a  deterministic  examination 
of  its  detailed  operation  is  seldom  feasible,  even  by  the  use  of  simidation 
and  high-speed  conputers.  If  allowance  is  also  made  for  random  effects, 
such  as  damage,  the  difficult  of  examining  the  system  operation  in  detail 
is  greatly  increased.  However,  by  suitable  aggregation  of  detail,  so  that 
only  the  important  effects  are  considered,  the  principal  characteristics  of 
the  operation  of  a  system  can  often  be  siini;d.ated  in  a  feasible  memner,  even 
idien  random  damage  occurs.  Ihe  purpose  of  this  paper  is  to  present  a  model 
of  a  someMiat  general  nature  for  performing  simulations  of  this  type. 

For  the  simulation  model  presented,  the  system  in  which  the  logistics 
operation  is  imbedded  is  not  of  a  completely  general  nature.  The  viewpoint 
adopted  is  that  the  purpose  of  the  simulation  is  to  examine  the  logistics 
operation  under  realistic  circumstances,  ^^s  purpose  can  pft^  be 
plished  to  a  reasonable  extent  by  limiting  consideration  to  systems  which 
are  concerned  with  the  use  and  svailabllity  of  various  types  of  items  and 


for  which  the  "Bttategies"  for  eystem  operation  are  restrictet  to  transfer 
Of  itesis  within  the  system  and  to  maintenance  and  repair  capabilities* 

Here  natural  and  induced  damage  to  the  items  are  the  only  random  effeets 
that  are  introduced^  and  these  depend  on  probability  distributions  whiGhi 
during  the  time  period  considered,  are  influenced  only  by  ha^enings 
in  the  ^stem. 

Ihe  major  loss  of  generality  in  the  model  presented  is  that,  during 
the  time  period  considered,  the  probability  distributions  for  induced  at> 
trition  are  influenced  only  by  oceurrenees  within  the  eystem  containing  the 
logistics  operation.  Often  t^e  induced  attrition  arises  from  a  separate  sys« 
tern,  then  the  interactions  between  the  two  systems  during  time  interval, 
and  their  effect  on  the  operation  strategies  adopted  by  the  systems,  can  be 
inportant  in  evaluating  the  behavior  of  the  system  containing  the  logistics 
operation*  However,  ^en  the  principal  interest  is  in  the  logistics  oper¬ 
ation,  the  restricted  system  considered  in  this  paper  should  be  satisfactoxy 
in  most  cases*  Actually,  by  Judicious  specification  of  the  functional  forms 
for  the  probabill'^  distributlpns  of  induced  attrition,  the  effeets  of  the 
second  system  can  usually  be  at  least  roughly  approjdmated*  When  a  realistic 
evaluation  of  the  behavior  of  the  ^tire  system  is  desired,  a  separate  simu« 
lation  model  can  be  developed  for  the  systea  influencing  the  induced  attrition* 
Th^  the  combination  of  the  two  ^sterns  can  be  simulated  by  relating  the  two 
models  ttirpugh  their  strategies  and  the  probabill'^  distributions  for  induced 
donage* 

In  the  model,  damage  can  occur  as  the  restAt  of  induced  attrition  aod/or 
natural  attrition*  As  opposed  to  induced  attrition^  ^dilch  arises  from  unusual 
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caiisei  emd  ciia  be  deiibetate^  int^x^uced  by  aoether  ^st^>  natural  at^ 
trltion  represents  the  random  damage  that  oceurs  m  the  ordinary  day^toa 
day  operation  of  the  system* 

A  characteristic  of  the  similation  model  presented  is  that  some  of  the 
strategies  (those  involving  transfer  of  items)  eim  be  chosen  on  the  basis 
of  an  estimation  of  the  future  b^avior  of  the  systm*  ^Qiat  is>  suppose 
that  the  system  operation  has  been  simulated  up  to  the  end  of  a  i^ven  tdme 
intervals  using  these  observed  results^  the  future  i^st^  behavior  is  antici^ 
pated  by  assuming  that  the  attrition  levels  that  have  be^  observed  are  i^e 
actual  attrition  levels  for  future  time  intervals*  Shis  procedure  gener« 
allzes  the  less  realistic  procedure  of  fixing  these  strategies  prior  to  ilie 
sinulation  and  includes  the  fixed  strategy  slttiation  as  a  special  case. 

A  fundamental  part  of  the  development  of  the  Simulation  model  is  the 
conversion  of  the  continuous  situation  for  system  operation  to  an  app£OXi<* 
mately  equivalent  discrete  situation  yUaick  is  feasible  for  simulation  on  a 
hieii*speed  computer*  This  is  accomplished  by  dividing  the  time  period  during 
vhich  simulation  is  to  be  perfoxned  into  time  intervals  of  equal  length  and 
by  dividing  the  system  into  appropriate  sub^stems*  The  selection  of  the 
subsystems  and  the  basic  time  interval  depends  on  the  system  considered  and 
is  detezmlned  on  a  Judgnent  Ixiiais. 

;^xy  subsystam  is  concerned  vlth  the  operation  and  the  transportation 
of  items.  Sooe  of  the  sub^stems  are  alap  concerned  vlth  the  perfoxmaace  of 
maintenanee  emd/or  the  repslr  of  damage  for  items.  All,  operations  of  the 
^stee  occur  as  a  result  of  the  use  of  the  Itens  in  the  syitam.  These  opers 
ations  Include  the  logistics  functions  of  traasportatlon,  aaintemkasee,  mod 
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In  faet|  some  ©f  items  az«  Intipoduced  e^lusively  foi*  the 
glstlcs  of  the  system*  Also  some  of  the  subsystems  az^  included  for 
Sfecial  pifposes;  that  is^  some  subsystems  are  introduced  for  the  pez^orm^ 
fuzee  of  maintenance  and/or  repair  while  others  are  included  for  the  removal 
from  the  system  or  the  introduction  into  the  system  of  items* 

Starting  with  ihe  initial  condition  of  the  astern  (specified),  the  sisu- 
lation  is  performed  over  all  subsystems  for  the  first  tine  interval*  Sere, 
and  at  all  steps,  the  damage  actually  received  is  introduced  by  a  Mznte 
carlo  procedure,  on  the  basis  of  the  initial  conditions  Md  the  results 
at  the  end  of  the  first  time  interval,  the  simulation  is  conducted  for  the 
second  time  intervali  In  a  stepwise  fashion,  this  procedure  is  continued 
until  the  condition  of  the  astern  at  the  end  of  the  final  tjhae  interval  is 
determined*  The  totality  of  results,  for  all  the  time  intervals,  constitutes 
a  simulation  of  the  behavior  of  the  aystem.  Several  independent  repetitions 
of  this  simulation  should  furnish  a  good  indication  of  the  statistical  varl« 
ation  in  system  operation  that  is  due  to  the  random  character  of  the  damage 
received. 

In  the  mathematical  model,  each  item  that  oecura  in  the  ayatem  operation 
is  considered  separately.  Roughly  stated,  the  breakdown  used  for  '^e  model 
Is  made  with  respect  to  the  time  Interval  considered,  the  item  considered, 
the  type  of  item,  the  subayatm  location  of  -^e  item,  the  atatus  (e.g.,  in 
operation,  in  transit  to  repair,  in  mainteneuzce}  of  item,  the  maintenaDce 
schedule  for  the  it^,  and  the  anticipated  futiure^location  scheduling  for  the 
Item.  Of  these,  the  time  interval  considered  mod  ^e  location  for  the  item 
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eonsidei^  receive  the  pi^^ifal  attentiph  1b  the  apdei.  In  faet>  as  in¬ 
dicated  by  relationsMps  that  are  used  to  state  the  mathematical  model> 
ssiie  form  of  aiiiilation  model  can  be  used  fox-  each  c^bination  of  time 
intexvali  it^>  and  item  location;  that  is>  vith  little  loss  in  generelity> 
the  mathgaatical  model  can  be  considered  to  have  a  fixed  functional  form 
idilch  involves  variables  that  depend  on  the  time  intefveli  itemi  and  itm 
location,  laving  fixed  functional  fores  of  this  nature  is  convenient  from 
the  vieiQtoint  of  simnlation  on  a  hi^  speed  cooputer.  Namedy>  the  problem 
is  reduced  to  that  of  determining  the  values  of  the  variables  that  occur  in 
the  fixed  functional,  forms. 

^e  specification  of  mathematical  model  is  made  in  general  teres, 
ihat  is,  the  available  values  that  are  sufficient  to  detereine  a  new  value 
are  always  es^licitly  identified;  however,  the  function  of  these  values  that 
furnishes  the  new  value  is  seldom  explicitly  stated.  The  model  is  suffi¬ 
ciently  general  to  represent  many  situations  of  interest  but  does  not  con¬ 
cern  itself  with  the  problem  of  es^licitly  detereinlng  the  various  functions 
that  occur  in  its  statement.  For  each  given  system  to  be  similated,  this 
problem  would  ordinarily  be  solved  by  a  technieal  examinatira  of  the  pro¬ 
perties  and  the  purposes  of  the  system. 

The  model  presented  r^resents  an  appreciable  aggregation  of  detail. 
Kjwevar,  in  spite  of  this  consolidation,  a  vexy  large  number  Of  evaLuatlons 
must  be  made  for  each  time  interval.  In  fact,  xmlesB  care  is  exercised  in 
selecting  the  basic  time  Interval,  sub^steins,  the  ^pes  of  items,  the 
fiuustlonal  foxma,  the  levda  of  maintenance  considered,  the  levalB  of  damage 


tiaat  call  Ise  reeeivadj  ete.>  even  the  model  presented  may  he  too  massive  for 
sjjmilation  on  any  presently  available  hi^aspeed  eoiputer. 

Simulations  of  the  type  considered  seem  to  he  most  valuahle  for  develop¬ 
ing  an  understanding  of  a  logistics  operation  that  is  imbedded  in  a  coniplicated 
system^  These  simulations  should  also  be  useful  in  examining  the  relative 
desirability  of  stated  logisties  strategies  and  the  relative  desirabiliiy  of 
Specified  logistics  operations. 

^e  next  section,  CONCERlSNC  THE  HO&Mii  contains  statements  of 

a  more  detailed  nature  about  the  characteristics  of  the  simulation  model. 

Ihe  quantities  that  occur  in  the  model  are  identified  and  defined  in 
following  section,  idiich  is  titled  i^iHiTioN  of  NOTaTioif^  The  next  to  last 
section,  ASSUMPTIONS  Alii)  CONIETSONS,  contains  statements  eoneeming  limit# 
ations  of  the  model  and  about  some  of  its  properties^  The  final  section, 
FUHCTIOIIAL  RELATIONSHIPS  AND  MATHEMATIGAL  MODEL,  contains  the  statement  of 
the  general  simulation  model. 
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REMARKS  jSE  MODEL 

fhe  ma'^e^tlGaO.  nddel  pfGseQted  for  simulation  uses  .involves  so 
many  dLifferent  (pantities  end  is  of  such  a  c^i$lieated  nature  that  no 
atteo^t  will  te  made  to  ^ve  a  detailed  vord  description  of  all  its  pro« 
perties.  ^e  only  descxlption  ^ven  that  covers  all  the  details  of  i^e 
model  is  of  a  technical  character;  ^e  nead:  three  sections  of  the  paper 
are  devoted  to  tMs  description.  Hovever>  discussions  do  seem  to  be 
varranted  for  some  of  the  properties  of  the  mod^  uod  these  discussions 
are  given  in  this  section. 

In  addition  to  the  transfer  schedules^  various  other  (pantities  in 
the  model  have  the  characteristics  of  "strategies";  that  is^  these  (Quan¬ 
tities  have  influence  on  the  Astern  operation  mi,  at  least  to  some  ex¬ 
tent,  can  be  deliberately  specified,  some  of  these  strategies  are  in¬ 
cluded  in  the  condition  of  the  system  at  the  beginning  of  the  time  period. 
Some  of  the  others  are  represented  by  the  explicit  statements  of  the 
functions  that  are  used  in  parts  of  '^e  mathematical  model;  that  iSi 
these  functional  fozms  are  determined  by  the  characteristics  of  the  system 
and  improvement  of  these  characteristics  is  one  method  of  Improving  the 
system  operation.  For  asanple,  the  functional  forma  for  the  times  (^pent 
in  transit,  in  maintenance,  <uid  in  repair  represent  strategies  of  this 
type.  The  maintenance  schedules  specified  for  the  items  represent  stra^ 
gies  of  another  type,  since  they  influence  the  probability  distributions 
for  natural  attrition.  Investigatipn  of  the  effects  of  the  strategies  on 
the  aystem  behavior  is  pexhaps  the  most  iisportant  reason  for  simulating 
the  system  operatipn. 
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maiateii^ce  schedule  for  ah  item  is  e^ressed  ih  terms  of  the 
accumulated  amount  of  operational  time  for  that  item  (aecumulated  from 
tiie  heginning  of  the  time  period  heing  simulated)  ^  However^  an  inters 
of  time  during  vhich  an  it^  is  in  operational  condition  does  not  nece 
essarily  represent  a  full  interval  of  operational  time  for  that  item^ 
in  fact,  the  amount  of  operational  time  aGeumulated  during  a  time  interval 
in  which  an  item  is  in  operational  condition  can  depend  on  the  time  interval 
considered,  the  suhsystem  location  of  the  It^,  the  item  Wpe,  whether  the 
item  is  in  transit,  the  number  of  other  items  of  this  type  in  this  suba 
system  at  this  time,  etc.  An  item  acciuiuiates  no  operational  time  duxdig 
a  time  interval  if  it  is  not  in  operational  condition  at  both  the  beginning 
and  the  end  of  this  interval.  Although  accumulated  operational  time  is  not 
necessarily  e^^ressed  as  an  integral  number  of  time  intervals,  the  mainte« 
nance  schedules  are  expressed  in  this  fashion.  An  item  which  was  in  an 
operational  status  at  the  beginning  of  a  time  interval  needs  maintenance 
at  the  end  of  this  interval  if  its  acctunulated  operational  time  eq[uals  or 
epueeds  a  critical  value  in  the  maintenance  schedule  at  the  end  of  the  tine 
interval. 

At  the  end  of  each  time  interval,  the  transfer  schedules  that  are  to 
be  introduced  for  items  are  chosen  by  anticipating  the  future  behavior  of 
the  system.  Since  the  ^st^  operation  for  future  time  intervals  also  ino 
vplves  the  selection  of  transfer  schedules  at  these  future  times,  the  amount 
of  computation  re(piired  in  estimating  the  future  behavior  can  easily  reach 
an  infeasible  level.  In  many  cases,  adopting  specified  schedules  for  the 
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itenis  that  are  Hot  used  in  the  lo^sties  d^fatlon  may  he  desirahlei  Re» 
sti^eting  the  d|!^srtimity  to  make  schedule  changes  to  every  third  or  fowrth 
time  interval  re|>resent8  ano^^er  possihili'^  for  reducing  the  amount  of 
een^tation.  An  important  part  of  the  mathematical  model  is  an  efficiency 
criterion  for  simultaneously  deciding^  at  end  of  each  time  interval, 
which  combination  of  the  eligible  transfer  schednies  is  to  be  used.  A  satisa 
factory  specification  of  this  criterion,  for  each  time  interval>  represents 
a  difficult  problem  that  mnst  be  solved  for  each  system  that  is  simulated. 

For  items  of  a  given  type,  i^e  damage  that  can  be  received  by  an  item 
is  represented  by  a  finite  set  of  levels;  also  a  common  set  of  levels  is 
used  for  representing  the  kinds  of  maintenance  that  an  item  can  be  schedi^ed 
to  undergo.  ^  Simplify  the  presentation,  the  number  of  damage  levels  is 
considered  to  be  the  same  for  aH  types  of  items  and  the  number  of  maintena 
ance  levels  is  taken  to  be  same  for  all  types  Of  items.  This  siispll« 
fication  results  in  no  loss  of  generality  since  not  all  of  the  levels  need 
to  be  used  for  every  type  of  item.  In  general,  the  meanings  Of  the  levels 
may  differ  greatly  from  one  '^pe  of  item  to  another.  The  procedure  of 
using  levels  is  evidently  suitable  for  maintenance  and  should  nei^ly  alvays 
furnish  an  acceptable  r^resentation  of  damage,  if  enough  dansige  lev^s  are 
used. 

At  the  end  of  any  given  time  interval,  the  level  of  future  natural 
damage  the  level  of  fut«u«  Induced  damage  e«i  each  be  estimated  as  '&e 
average  of  the  observed  values  over  all  the  tlsie  intervals  up  to  and  including 
the  given  interval.  Here  the  estimates  are  for  the  average  damage  during 
a  single  tine  interval  and  are  obtained  for  every  combination  of  itns  type 
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and  sub^stem.  Tliea>l5he  aatieipated  fiitMtre  ‘behaviof  of  l^e  system  is  pjfe- 
dieted  ty  starting  with  the  situation  tt  the  end  of  the  given  tjioe  interval 
and  Simulating  the  future  systen  operato@n  under  the  assujnption  i^t  the 
ohserved  average  values  efUal  i^e  actui  damage  values  for  each  of  l^e  future 
time  intervals  i  Here  prohahiliiiy  entejs  only  in  a  very  restriGted  sense,  and 
is  introduced  hy  a  Monte  Carlo  process,  SpecifieaHy,  let  an  average  attrition 
value  he  stated  in  the  form  1  f,  where  I  is  a  non-negative  integer  and  f 
is  a  non-negative  proper  fraction;  theitHhe  damage  level  actually  used  is 
selected  on.  a  Monte  Carlo  basis  and  hattime  value  I  with  probahility  1  ^  f 
and  the  value  1  4  1  with  probabilii^  f ,  %is  random  rounding  of  an  average 

damage  value  to  one  of  the  damage  levels  considered  can  be  done  (independently) 
for  each  combination  of  item  and  futursiMrime  interval,  in  this  manner,  a 
definite  damage  level  is  determined  fotemeach  it^  at  each  futine  tine  interval. 

For  a  given  subsystem,  a  different  of  logistics  Item  might  be  needed 
for  each  combination  of  logistics  tasHaESlad  item  ty^.  Sometimes,  however,  one 
-^rpe  of  logistics  item  perfonnS  the  sais  logistics  function  for  items  of  Sev¬ 
eral  types.  Consequently,  groupings  o!  sterns  Of  several  dlffer^t  ^^pes  can 
occur  in  the  deterndnation  of  the  effete-  s  of  numbers  of  items  on  the  logistics 
pperatlpn  for  a  subsystem. 

Finedly,  the  wide  range  of  appllcat:^ion  for  the  simulation  mpd^  pre¬ 
sented  should  probably  be  e^hssized.  Il^e  principal  restrictions  i^sed  by 
the  mathematical  model  are  of  a  general  s  aature;  namely,  statements  of  wfaleh 
available  values  are  sufficient  for  the*  deterndjiatlon  of  a  new  value.  Ihus 
the  model  is  apidiccible  for  the  8imulsfl*-.-Ph  of  any  system  for  which  a  baaie 


tioe  Interviii,  a  set  of  suto^steiiSi  etc.>  ean  ^  determined  so  that  the 
delations  actually  satisfied  (to  a  reasonahle  appfoadjnation)  defend  on 
the  Same  sets  of  va^ahles  as  those  for  the  eorresfoadlng  relations  in 
the  model,  of  eourse^  if  only  a  suhset  of  the  set  of  availahle  values 
specified  the  model  is  needed  for  determining  the  nev  valuer  the  rea 
lation  stated  in  the  mathematical  model  is  satisfied. 
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tmimmon  mms^ojs 

Extensive  use  Is  made  of  sp^bolism  in  p£«senting  the  fMctional  foxm 
of  mathematical  model  for  a  specified  subsystem  at  a  given  time^  FOllOv* 
ing  are  the  definitions  for  this  notation*  ll^se  definitions  should  also  be 
useful  in  identifying  the  factors  ^at  are  ea^icitly  eoasidered  in  the  aimu- 
lation  model  presented* 

t  s  time  interval  considered  (t  s  l,**.jf) 
u  =  identification  nuniber  for  an  item  (u  =  1, ...,u) 

=  classification  for  u-iai  item  (v^  =  l,.**>v).  Here 
types  !,..., L  refer  to  non-logistics  items  iMle  types 
L  1, .*.,v  refer  to  logistics  items 
4^(t)  m  sub^stem  location  of  u-th  item  during  i^e  t-th  time 

interval.  The  subsystems  are  identified  by  the  numbers 
4ii(0)  is  specified  initial  condition 
8^(t)  s  status  of  u-th  item  at  end  of  t-th  time  interval;  S^(o) 
is  specified  initial  condition.  Seven  different  status 
levels  are  considered: 

Level  1  m  item  in  operation  (not  in  trazuit) 

Level  2  s  item  operational  but  in  tranait 
Level  5  ^  item  in  tranait  to  receive  maintenance 
Level  4  m  item  in  tranait  for  repair  of  '^at  is 

at  differmst  level  from  that  present  at  end 
of  previous  time  interval 


Level  ^  s  item  in  traasit  for  repdr  of  iamage  is 

at  iBsae  level  as  that  present  at  end  of  previous 
ti^  interval 

Level  6  a  receiving  maintenance 
Level  7  ^  receiving  r^air 

aectnaulated  amount  of  operational  time  at  end  of  t^th  interval 

Tj^ho)  ^  0 

maintenance  schedule  for  U‘-th  iton;  depends  on  aeeiifia^ated 

aDount  of  operational  time  for  iduit  item 

maintenance  level  needed  by  u-th  itm  at  end  of  t-th  time 

interval.  Maintenance  levels  considered  c^e  0,1, •••fM  tAere 

level  0  denotes  tinat  no  maintenance  needed 

level  of  damage  from  natural  attrition  received  by  u^th  item 

during  t-th  time  interval  (in  addition  to  induced  damage  re* 


ceived  in  this  time  interval  and  dsmage  present  at  beginning 
of  interval).  Levels  considered  for  damage  from  uy  source 
sre  0,1,... idiere  level  0  denotes  that  no  damage  received 
dj^^^(t)  s  level  of  djMBge  from  induced  attrition  received  by  u»'&  itma 
during  t*th  time  IntervaL  (in  addition  to  natursl  damage  re¬ 


ceived  in  this  time  interval  and  damage  present  at  begiiiDing 
of  interval) 

Pjl^^^(d;t}  -  probability  that  u«th  item  uiH  receive  natural  of 

levaL  d  during  t-th  time  interval  (d  «  0,1,... ,P).  fhe  value 
of  djj^^^(t)  is  a  random  choice  from  this  diserete  probability 


distribution 
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=  pfofea'bililly  that  u*th  itasa  will  paceive  iaduGed:  damaga  of 
level  d  during  t>th  tiiie  ^terval  (d  =  0|1>4^«>P)^  The  value 
of  d^^^^(t)  is  a  raadoft  choice  from  i^is  discrete  prohahility 
distrihution 

Djj^^^(t;j)  =  arithmetical  average  of  ^(i')  over  all  t'  ^  t  end  all  u' 
such  tixat  =  v^  and  J^j(t‘)  =  J 

Dj^^^(t,j)  =  arithmetical  average  of  dj^'*  ^(t')  over  all  t’  S  t  and  all  u* 
such  that  v^t  «  v^  and  *  i 

d^(t)  =  overall  damage  level  of  u-th  item  at  end  of  t-th  time  interval; 
d^(0}  is  specified  initial  condition 
to^'^^(t)  =  anticipated  numher  of  additional  time  intervals>  after  t«th, 

required  for  u-th  item  to  become  operational;  here  tg^'^^Ct)  =  0 
implies  that  a^(t)  =  1  or  i»  petermined  by  starting  with  situ# 
ation  at  end  of  t^'^  interval  and  sinniating  results  for  future 
time  intervals  under  euBSunq>tion  that  dj^^^  ^(f)  =  Hb^j^iCt')! 

and  dj^'*  ^(f)  =  Hb/J^iCt*)]  for  t‘  >  t  and  all  u';  set 
equal  to  T  ^  1  «•  t  if  item  not  anticipated  to  be  in  operation 
by  end  of  interval 

tQ^'^^(t)  =  anticipated  nuBober  of  additional  time  intervals,  after  t-th, 

required  for  u-th  item  to  coqng^ete  transit  (change  of  fubeysteDa); 
here  tQ^^^(t)  ^  0  implies  that  u-th  it^  not  in  transit  at  end 
of  t-th  interval,  Petexmlaed  by  starting  with  situation  at  end 
of  t-th  interval  and  simulating  results  for  futiure  time  intervala 
under  the  aasuD^tlpn  that  dj^^^  ^(t*)  >  Hb,l^i(t')1  and 


equ^  to  T  4  1  -  t  if  transit  not  anticipated  to  be  cosseted 
%  end  of  T*th  interval 

anticipated  nunber  of  additional  tijne  intervals,  after  t-tb> 
required  for  maintenance  to  be  completed  for  u«tli  item;  here 
^  ®  iii^lies  that  u-fth  item  not  receiviag  maintenance 
at  end  of  t-th  intervalt  Determined  by  starting  with  situatiGn 
at  end  of  t^th  interval  and  simulating  results  for  future  time 
intervals  under  the  assui^tion  that  ^(t')  =  ^[b>j^,(t*)] 

and  dj^’^  ^(f)  =  Dj^“  ^£t,J^i  (t')i  for  t'  >  t  and  all  u';  set 
equal  to  f  4  1  «  t  if  maintenance  not  anticipated  to  be  eoiiq>leted 
by  end  of  f-th  interval 

anticipated  nusdser  of  additional  time  intervals,  after  t-th, 
required  for  repair  to  be  completed  for  u*th  item;  here  t^^'^^Ct) 
s  0  i^lies  that  u^th  item  not  receiving  repair  at  end  of  t»th 
interval.  Detemined  by  starting  with  situation  at  end  of  t^th 
Interval  and  stmulating  x*esults  for  future  time  intervals  under 
the  assumption  that  ^(f)  =  t,4^,  (f )]  and  dj^’^’^(t') 

=  ^[t,j^,(t’)3  for  t  >  t'  and  aH  u';  set  equal  to  f  4  1  «  t 

if  repair  not  anticipated  to  be  ccaspleted  by  end  of  T«tih  interval 
subsystem  in  vddich  u^th  item  receiving  maintenance  during  t<^th 
time  interval;  here  =  0  ii^lies  that  u*th  it^  not 

receiving  maintenance  during  t»th  interval 


Vt,J) 
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subsyst^  iQ  vhldi  u-th  iteoi  re^elviag  repdf  dtM‘lng  b-bh 

tiine  inpr^;  here  m  0  in^lies  that  u-th  Item  not 

recelviBg  repair  during  t-tii  interval 

mntiher  of  oprational  ItesiB  of  type  v  (status  1  or  2) 

in  subsystem  1  at  end  of  t-th  time  interval  whieh  ware 

in  status  1  at  heginning  of  this  mtein^ 

lower  hound  for  number  of  items  of  1^^  v  i^t  are  desired 

to  be  in  operation  (status  1)  ^  subsystem  j  at  end  of  t-th 

time  interval 

number  of  items  of  v  and  in  opration  (status  1)  in 
subsystem  at  ^d  of  t-th  time  interval  that  are  seheduled 
to  begin  transit  to  subsystmn  at  end  of  t-th  interval; 
schedule  can  be  Stated  in  terms  of  n^(t,v,j)*  Several  pssible 
schedules  can  be  specified  for  n^Ct^V,  with  the  schedule 

selected  being  determined  by  the  anticipted  future  Phavtor 
of  the  system  for  each  pBSiblli'^;  under  the  assumption  that 
djj^'^^(t')  =  p^^^^tt,Jy(f)]  and  ^  3Qj^'^^[t,J^(t»)l 

for  t'  >  t  and  all  u.  These  psslble  schechtles  sum  denoted  by 

%  (t,v,j^,Jg),  kg  =  l,.,,,Kg(t,v,J^,Jg) 

number  of  items  of  '^p  v  and  in  opration  (status  1)  in  subs' 
system  at  end  of  t-sth  time  inprval  that  actually  pgin 
transit  to  subsystem  at  end  of  t-th  iuPrval 
queuing  priority  assigned  u-th  iton  in  selection  of  ^qh  it^ 


of  type  eM.  status  1  at  end  of  t-th  time  interval  are  to 
Start  transit  from  subsystem  J.,(t)  to  subsystmn  J  at  end  of 

u  2 

t«th  mterimd.;  is  positive  for  s^(t)  =  i 

and  zero  otherwise 
S^(t«v>j)  •  specif ieation  of  the  in#transit  subsystem  locations>  in 
l^ven  order j  for  an  operational  item  (status  2)  of  %pe  v 
that  began  transit  from  subsystem  j  and  at  end  of  t^th  time 
interval;  last  of  these  subsystems  is  destination  of  it^ 

&e  item  changes  fr^  stamis  2  to  status  1  when  the  desti^ 
nation  subsystem>  denoted  by  reached  in  operation^ 

al  condition^  Several  alternative  specifications  of  in#transit 
subsystem  locations  could  be  given  with  specification  selected 
being  determined  by  the  anticipated  futin?e  behavior  of  the 
system  under  the  sssun^tioa  that  djj^’*^(t')  = 
dj^'‘^(t‘)  =  nj^'*^tt,3^(t‘)l  for  t  >  t*  and  all  u*  These 

K) 

alternatives  are  denoted  by  (t,v,J),  #  l;*»»>KQ(t,v,J) 

Sj^(t;V,m;j}  =  specification  of  the  in-^transit  subsystem  locations,  in  ^ven 
Order,  for  an  item  of  type  v  needing  maintenance  at  level  m 
^ich  begen  transit  from  subsystem  J  and  at  »;d  of  to-th  time 
interval;  last  of  these  subsystems  is  destination  of  item  for 
receiving  maintenance*  The  item  changes  from  status  3  to  status 
6  vhen  the  destination  subsystem  reached  in  undamaged  condition. 
Several  alternative  specifleations  of  in»transit  subsystem 
locations  could  be  given  with  specification  selected  being 
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determined  by  the  anticipated  future  behavidr  of  iiie  system 
under  the  ansunoptioa  that  dj|^'^^(t')  =  )1  and 

d*^'*^(t*)  =  t,l.(t' )1  for  t  >  t'  and  ail  u.  ^^ese 

(V 

alternatives  are  denoted  by  =  1> 

.*.,K„(t,v,m,j) 


%(t,v,d,j) 


Specification  of  the  in- transit  sub^stm  locationi>  in  0.ven 
ord6r>  for  an  item  of  type  v  needing  repair  of  level  4  damage 
vhich  began  transit  for  repair  of  iMs  level  of  damage  from 
sub^stem  j  and  at  end  of  t-th  time  intervals  several  altern¬ 
ative  specifications  of  in-transit  sub^stem  locations  could 
be  given  vith  specification  selected  being  determined  1^  ‘^e 
future  behavior  of  the  system  under  the  sussuaption  that 
djj^’^^t')  =  and  dj("^(t')  ^ 


for  t  >  t*  and  all  u,  ihese  alternatives  are  denoted  by 


Sp  (b/V^d,j)^  kj^  =  1/ •  •  •;I^(t; v^d; J) 


e(t)  s  efficiency  criterion  for  simultaneously  selecting  the 


strategies  ng(t,v,J^4g),  S^(t,v4),  S^(t,v,m4),  and 

(k  ) 

SB(t,v,d,j)  from  the  sets  of  possibilities  (n  ® 

It  8  I  S 

(Sp  °  (t,v4)),  {S^  ^  (t,v,m4)),  and  (Sj^  (t,v,d4)), 
Itetermlned  by  starting  vlth  situation  at  end  of  t-th  time 
interval  and  simulating  results  for  future  time  intervals 
under  the  assunptipn  tiiat  »  I^^^Ht#J^(t')]  and 

dj^'^^(t*)  =  )]  for  t’  >  t  and  aH  u.  Here,  for 

t  <  t*  ^  t  +  t^(t),  the  ng(tSy4^4g),  S^(t',r4),  Sj^(t%v,n4), 


aad  Sg(t'>v>djd)  are  determiaed  from  e(t');  in  general,  all 
possible  selections  for  taese  strategies  mst  be  eonsidered. 
POr  t'  >  t  +  however,  each  of  these  strategies  is 

unlftiely  specified  oa  the  basis  of  an  efficiency  criterioa 
e[t';t,tg(t)l  that  is  dete^idaed  by  i^e  actual  and  antici¬ 
pated  results  (aH  possible  combiaatioas  of  selections)  for 
the  situations  existing  at  the  end  of  time  intervals  Up  to 
and  including  t  +  t^(t) 

gQ(v,d,m,j)  =  type  of  logistics  item  that  is  used  for  tx^sportatioa  in 
subsystem  of  ia-transit  it^s  of  -type  v,  damage  level  d, 
an'  needing  maintenance  of  level  m.  Here  ia-traasit  i-tems 
are  grouped  wi-th  respect  to  type,  damage  level,  mainteaance 
level  needed,  and  subsystem  location  in  such  a  manner  -that 
all  it^  of  a  ^roup  can  be  handled  by  the  Same  type  of 
logistics  iton;  hence  many  combiaatioas  of  values  for 
V,d,m,l  may  yield  the  same  Value  for  gQ(v,d,m,j}.  Note 
that  one  or  bo-th  of  d  and  m  are  zero 
-  type  of  logistics  item  used  for  ma^tencmce  of  items  of 
type  V  that  are  receiving  maintenance  at  level  s  in  sub» 
system  J 

gp(v,d,J)  =  type  of  logistiCi  item  used  for  repair  of  it^  of  type  v 
that  are  receiving  repair  of  level  d  dsmage  in  subsystem  J 
NQ(t,t',gQ,j)  «  anticipated  n^er  of  in<»transit  items  in  subsysteni  J  at 
the  of  each  of  the  time  intervals  t  4  l,t«*,t  ^  t*  T 
-that  are  trsnsported  is-  this  subsystem  by  logistics  items 
of  type  g^.  lULs  vector  detemlned  by  starting  with 
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8i^4tidn  at  end  of  t-th  Interval  and  aiiiilatjng  results 
for  time  intervals  t  4-  1, ..^^t  +  t'  under  the  assunq^tion 
that  djj^"^(t")  ^  ^^^^[t^J^(t")J  and  dj^^^(t«)  -  D^^^^tt#4(t»)] 


ii^(tjt'|iC^>  j) 


for  t  4'  1  ^  t"  £  t  -f  t*  and  all  U 

antleipated  m^er  of  items  in  maintenanee  in  suhe^stem  j 
at  the  end  of  each  of  the  time  intervals  t  4-  l|i^4>t  4*  t*  <  T 


that  are  handled  in  maintenance  in  this  sub^stm  hy  lo^Fties 
items  of  tg^  IQiis  vector  determined  ty  starting  vith 
situation  at  md  of  t«th  interval  and  simulating  results  for 
time  intervals  t  4^  1, ...>t  4-  t*  luider  the  assuii^tlon  that 
djj^^)(t")  ^  Dg^^Ht,j^(t“)3  ^  dj^^^(t")  »  Dj^"^[t,J^(t")l 
for  t  +  1  ^  t"  IS  t  +  t‘  and  all  U 
)  =  antici^ted  number  of  itans  in  reipair  in  subsystem  j  at 
the  end  of  each  of  the  time  intervals  t  +  l,..*,t  4^  t* 
that  are  handled  in  re|>air  in  this  subsystem  by  items  of 
type  ibis  vector  determined  by  starting  with  situation 
at  end  of  t-th  interval  and  simulating  results  for  time 
intervals  t  4>  1, ...,t  4*  t'  under  the  assumption  tibat  dj|^^3^t"} 
*  %^'*^[t,J^(t")J  and  d^^'*^(t”)  =  ]5j^"Ht,J^(t”)l  for 
t4-l^t"^t4-t‘  andaUu 

lf(t|t’,g,j)  s  anticipated  number  pf  logistics  items  Of  type  g  that  are 
in  operation  (status  l)  in  subsystoB  j  at  the  end  of  each 


of  the  time  intervals  t  4^  1, ...,t  4-  t'  T*  This  vector 
deterndned  by  starting  with  situation  at  ^4  of  tsth  interval 
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emd  simiiatij^  results  for  time  interrals  t  +  1,  .i»|t  •¥  t' 
under  assui^ptioa  that  cljj^^^(t")  =  J^(t")j  and 

^  lij^“^Et>d^(t")]  for  t  +  1  iS  t"  <  t  +  t*  and 

all  u 

t^[ t,v,t^®^> j^(t)J  =  anticipated  additional  auniber  of  time  intervals  refuired^ 

after  t*th  interval^  for  operational  item  of  i^pe  v  that 
began  tr^it  at  the  end  of  time  interval  t^°^  fr^  sub* 
Astern  and  vhich  is  nov  in  subsystem  J.Q(t}  to  com* 
plete  transit  in  l^(t).  betexmined  on  basis  of  Nk(t>t'> 
gQ,j)  and  N(t,t',g,J);  value  of  t^to> j„ (0)1  iS 
Specified  initial  condition*  Set  eqpial  to  f  +  1  *  t  if 


transit  in  J^(t)  not  anticipated  to  be  Cooq^eted  end 
Of  T*'th  interval,  item  leaves  a  trc^it  subsystem  and 
enters  next  subsystem  specified  by  S^(t^®^,v>J^®^)  vhen 
bQ[t,V,t^®^J^®^,J^(t)]  -  Q 

JgEb/ v,t^®^,i^®^)  =  sub^stem  location  during  t*th  time  interval  for  oper¬ 
ational  unit  (status  2}  of  type  v  that  begen  transit  at 


the  end  of  time  interval 


from  sub^stem  J 


(P) 


tjj[ t;V,m,t^^-^,  =  anticipated  additioaed.  number  of  time  intervals  required, 

after  t*th  interval,  for  item  of  type  v  that  needs  main* 
tenance  of  level  m,  began  transit  at  end  of  time  interval 

Cm)  (n) 

t'- '  from  subi^stem  y  'i  and  is  now  in  subsystem  Jjj(t), 
to  cosq^ate  transit  in  dw(t).  Determined  on  basis  of 


;t',^,4)  and  Il(t,t«,g,j);  value  of  t^O,y,m,t^“^,J^“^ 


i 

i 


1 


J„(d)l  is  specified  iMtial  eoadition^  Set  efual  to 
f  +  l-i*  t  if  transit  in  d^(t)  not  anticipated  to  Tse 
coi^ieted  end  of  T<»th  interval*  Item  leaves  a 
transit  subsystem  and  enters  next  subsyst^  speeified 
by  %(t^”^v>m>j^“^)  when  tjj[t|V>m>t^“^id^”^>j^(t)|  =  o 

sub^stm  location  dicing  t-tb.  ti^  interval  for  item 

of  l^e  V  that  needs  maintenance  of  level  m  and  hegan 

(m)  (m) 

transit  at  end  of  time  interval  t '  '  from  subsystem  y  ' 

anticipated  additional  nimber  of  time  intervals  ret'>^ted> 

after  tnth  interval)  for  item  of  type  v  'Qmt  needs  repair 

of  damage  level  d)  began  transit  for  repair  of  this  level 

of  damage  at  the  end  of  time  interval  t^^^  from  subsystem 

y  ’ i  and  is  now  in  subsystem  J|f(t})  to  complete  transit 

of  Itetermined  on  basis  of  I^(t)t'>^>j)  and 

N(t)t'>g>d);  value  of  t^ip,v,d)t^^^,j^^^,jjj(0)]  is 

specified  initial  condition.  Set  epaal  to  T  4>  1  #  t 

if  transit  in  J^(t)  not  anticipated  to  be  eonpLeted  by 

end  of  fvth  interval.  Item  leaves  a  transit  subsystem 

and  enters  next  subsystem  specified  by 

vhen  t^lt,v,d,t^®^)J^®^,d|{(t)l  =  0 

subsystem  location  during  t»th  tine  interval  for  item  of 
type  V  H^at  needs  repair  of  levd  d  damage  sod  which  began 
transit  for  repair  of  damage  at  ^a  level  at  the  end  of 
tine  Interval  t^^^  from  aubsyatem 


a  iocatlom  of  u-th  item  dufiog  t«t^  time  Mterval  vhen 
tMs  item  ©pe^tiomai  aM  in  transit  (status.  2)  at  end 
of  (t  -  l)«th  interval 

a  anticipated  number  of  additional  time  intervals,  after 
t-tn,  for  co^letion  of  transit  in  subsystem  for 

u<-th  item,  vben  tMs  item  in  status  2  at  end  of  (t  «  l)>th 
interval*  Determined  on  basis  of  t^[t>V|t^°^,j^^^,jQ(t)] 

=  location  Of  uatn  itm  during  t<>th  time  interval  \dien 
this  item  in  transit  to  maintenance  (status  3)  ab  end 
of  (t  -  l)ath  interval 

t^^^^t)  s  inticipated  nisnber  of  additional  time  intervals,  after 
t-th,  for  completion  of  transit  in  subsystem 
for  u^iii  item,  mien  tnis  item  in  status  3  at  end  of 
(t  •  l)-th  interval*  Determined  on  basis  of  i^t,v,m,t^^^> 

s  location  of  u«)th  item  during  t«1ii  time  interval  vhen 
this  item  in  transit  to  repair  (status  b  or  ?)  at  end 
of  (t  «  l)^th  interval 

t^^^^(t)  s  mticipated  number  of  additional  time  intervala,  after 
tsth,  for  cgopletion  of  transit  in  sub^stem  J^^^^(t) 
for  u-th  item,  vhen  this  item  in  status  4  or  3  at  end 
of  (t  -  l)-th  interval.  Determined  on  basis  of 
tjjCt,V,d,t(*^J^®^Jjj(t)l 


q^(t,v,m,j) 


utieipated  naaber  of  tine  intervals  to  comidetion 
of  maintenanee  for  item  of  tarpa  v  tbat  bee^Lns  maintenance 


of  level  m  in  suibi^eteia  j  at  the  end  of  the  t-th  t^ 
interval.  Deteroined  on  the  baais  of  l^(t>t'>^^j)  and 
H(t,t%g,  j)  for  t*  auffici^tly  lar^.  Set  e^ual  to 
f  if  1  -  t  if  maintenanee  not  anticipated  to  be  eqnpleted 
by  end  of  T-th  interval 

^  anticipated  number  of  tine  intervale  to  eon^etion  of 
repair  for  it^  of  i^pe  v  i^t  be^ni  repair  of  level 
4  damage  in  aubi^etem  J  at  the  end  of  t-tb  time 
interval.  Deteziiined  on  l^e  basis  of  i^(t,t',gp>J)  and 


N(t,t'>g>j)  for  t*  tmffieiently  large.  Set  efual  to 
f  1  -  t  if  repair  not  anticipated  to  be  conpleted  ly 
end  of  T-th  Interval 

C^^°^(t)  =  function  used  for  stating  whether  the  u-th  item  is  chosen 
to  begin  transit  at  the  end  of  the  t-th  interval  when  it 
was  in  operation  (status  1)  at  beginning  of  this  time 
interval.  Has  value  0  if  S^(t  -  1)  =  1  but  U^th  item 
not  chosen  to  beg^  transit;  has  value  1  if  s^(t  -  1)  a  l 
end  item  chosen  to  bee^  transit;  has  value  2  otherwiae 
T^(°^(t}  3  most  recent  time  interval,  up  tO  and  Including  t>th,  such 
that  -  1 

=  most  recent  time  interval,  up  to  and  including  tsth,  such 
that  >  0  but  -  ll)  -  0 

=  most  recent  time  intervil,  up  to  and  including  t-th,  such 
that  djT^^®^(t)l  ,  d^lt^^“^(t)  -  1]  >  0 


I 


-  aoit  £«c«at  tine  interiraGL,  to  aod  inciudliig  t«tli,  mich; 
that  “  Ij  >  0  ot  «  11}  -  0 

■  noit  recant  tine  interyBlj  to  and  including  t«th,  sueh 
that  -  11  >  6  or  dl^[t^^'*^(t)  ^  ll  s  0 

ng(t>V|d,ii>J)  >  nunOMr  of  items  of  t^i>e  v>  damage  level  d>  and  neecUng 

msmtensnee  at  level  m  that  are  in  transit  in  subf^stem  J 


at  end  of  t«th  time  interval 

n||(tjV,m,J)  a  noDiber  of  items  of  ty^  v  that  are  receiving  maintenance 
of  level  m  in  subiiorstem  i  at  end  of  t-th  time  interval 
n^(t>v>d,j)  a  manber  of  items  of  ty^  v  that  aure  receiving  repair  of 

damage  at  level  d  in  subi^stem  j  at  end  of  t«th  time  interval 
n^(t,v,J)  a  number  of  items  of  type  v  in  operation  (status  1)  in  sub^stem 
j  at  end  of  t^th  time  interval;  n^(0/V>J)  is  specified  initisl 
condition 


A$gCT#^PNS  JUID  COMDITIOMS 

The  siodeT  developed  siist  satisfy  some  assuflqptioas  if  the  S^mation 
is  to  fuz^ish  ah  aeeeptahle  appzozdl^tioh  to  the  operation  of  the  ^St^ 
being  considered^  These  assuz^tions>  vMch  are  eoncemed  with  a^rOx« 
imation  of  a  contimious  situation  by  a  discrete  situation  can  be  stated 
as  follows; 

(a)  The  basic  time  j&terval  chosen  for  use  is  small  enough  to  yield 
a  reasonable  approximation  to  the  situation  of  eontinuous  time* 

(b)  The  basic  time  interval  and  the  subsystems  are  such  that  the 
random  damage  received  in  one  subsystem  can  be  considered  inde* 
pendent  of  the  random  damage  received  in  any  other  subsystem 
during  the  same  time  interval. 

(c)  Ihe  subsystems  are  tuicoiii^icated  enough  for  their  required  pro* 
perties  to  be  satisfied  to  a  reasonable  approximatipn.  That  is^ 
the  use  of  these  subsystans,  in  conjunction  with  the  conditions 
and  relationships  specified  by  the  model,  fUniiSheB  an  aceepta* 
ble  representation  of  the  system  behavior  whoa  the  other  assumgp- 
tions  hold. 

Whether  assumptions  (a)^(c}  are  acceptable  for  a  glvenssize  basic  time  in* 
terval  and  a  specified  set  of  subsystems  depends  on  the  ^stem  being  c^rox* 
imated  and  on  the  conditions  and  rdationships  imposed  by  the  model. 

The  fimctionsl  relationi^ps  used  in  speci^lng  “^e  malitaBaticil  model 
are  stated  in  the  next  section.  Separately,  sgoie  coiyiitlons  are  adopted 
for  the  operation  of  the  model.  These  conditions  serve  two  purposes.  First, 
some  fundamental  logistics  priorities  are  specified.  Second,  the  slailatioe 


uddel  is  sjjq^if led  vlthdut  oueh  eurtailne&t  of  its  geasfilil^  sod  S£ili« 
os^liily^  Ibe  eoaditions  Ingposed  asee 

1.  Afte^  can^^tioai  of  ftaifttensnee  Or  repSif ,  aa  item  is  eOn« 
sidered  to  be  operational  (status  1)  for  at  least  one  tiine 
interval. 

2i  Repedr  Of  dsoage  takes  precedenee  over  aaintenanee.  )&eu 
an  lte&  needing  aaintananee  or  receiving  mainteBanee  is 
dainaged,  the  item  first  receives  r^airi  fbe  repaired  main^ 
teeance  is  tnen  perforned  as  if  it  vere  first  cosing  due  in 
the  sub^stem  repair  vas  cotnpletedi  Functionally > 

this  is  accomplished  by  slightly  reducing  the  value  of 
uhleh  has  a  value  vfaich  specifies  that  saintenance  is  due,  then 
the  item  becoses  dasaged;  then  saintenance  will  issediately  be* 
cose  due  as  the  item  bec^es  operational  at  the  end  of  repair. 
lhus>  the  model  is  such  that  an  item  can  not  sisultaneousiy  be 
damaged  and  need  saintenance. 

3.  After  a  change  of  status  because  of  the  need  for  mEdutenanee 
or  the  need  for  repair^  an  Item  is  considered  to  be  in  transit 
(perhaps  in  the  Sane  subeystem)  for  at  least  one  time  interval 
before  ssdntenance  or  repair  is  started. 
k*  For  each  coi^ination  of  values  for  time  interval,  subsystem 
location,  type;  of  item,  level  of  damage,  and  msdntenance  level 
needed,  the  scheduled  trrasfer  is  to  a  single  destination  sub* 
system  and  by  use  of  a  single  route  (specified  by  tn*transit 
sttbsyeteBiB  end  their  order  in  the  ’brensit). 
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5.  If  m  it^  beec^s  due  for  inalnteaance  or  receives  danage 
lifaHe  la  transit.  It  Is  treated  as  If  It  vere  an  Item  (not 
In  transit)  of  the  subsystem  vbere  i^s  status  cbi^e  occurred* 
6*  If  a  daaaeed  item  becomes  furtber  daaaged,  it  is  treated  as 
it  the  totalii^  of  damage  vere  just  received  in  the  subiystem 
ybere  it  Is  aov  located*  Any  sapetr  already  received  for  the 
previous  damage  level  is  not  considered*  iovever,  the  repair 
received  Is  tahen  into  consideration  la  decidlag  hov  much  the 
Values  of  d^^^^(t)  and  d^^^^(t)  are  to  inerease  the  value  of 


7*  Chaages  la  the  characteristics  of  an  item  that  occur  during 
a  given  time  inteirval  do  not  have  any  effect  on  the  other 
items  until  at  least  one  time  interval  later* 

8*  An  Item  stays  in  each  of  its  sub^stem  locations  for  at  least 
one  time  interval* 

These  conditions  are  used,  sometimes  only  implicitly,  in  the  statement  of 
the  functioned,  relatlonshipi  inbng  the  queatltles  occurring  In  the  mathe¬ 
matical  model* 


AMD  MftHmMAmGAl.  MOBEL 

&e  maiihematieal  mdd«l  for  sinulation  consists  of  tte  statefient 
of  a  aethod  vhereny  knoviedge  Of  adl  the  pertinent  ^entities  up  to  end 
including  the  end  of  the  (t  «  tine  mterval  can  be  used  to  evaluate 

these  tuMtities  at  the  end  of  the  t-th  intervals  fhis  aodei,  combined 
with  the  given  initial  conditions  for  the  ^stoi,  can  he  used  for  simi- 
lating  the  System  operation  over  all  the  time  intervals  considered,  lere 
the  pertinent  quantities  for  each  time  interval  are  those  defined  in 
definition  of  hdtaeeon* 

As  already  mentioned,  the  general  simulation  molLel  presented  is  not 
of  a  detailed  nature,  vll^  the  oi^er  values  l^t  are  used  to  deteimine  a 
given  quantity  only  being  identified  in  many  Cases.  O^t  is,  in  the 
statement  of  the  model,  the  evaluation  of  a  given  quantity  is  often  ese- 
pressed  in  the  form  of  an  unspecified  function  of  specified  quantities  at 
Stated  times.  Thus  the  other  values  tdiich  are  sufficient  for  evaluation 
of  this  quantity  are  stated  hut  the  foxm  of  the  function  used  in  the 
evaluation  is  not  always  stated.  Of  coiu’se,  for  a  simulation  of  any  givea 
system,  these  flections  would  he  specified  on  the  hasis  of  the  properties 
of  the  system  considered. 

This  section  fulfills  a  dual  purpose.  First,  for  each  quantity  con^ 
sidered,  the  other  values  'Uiat  are  sufficient  for  detenolnation  of  this 
quantity  are  specified.  Second,  the  order  in  which  functional  relations 
for  quantities  are  presented  famishes  a  statement  of  the  mathematical 
model  for  the  simulation.  That  Is,  this  order  is  such  that  the  specified 
values  used  for  determining  a  quantity  are  always  previously  evaluated, 
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da  the  basis  of  fiiaatltiei  \^ch  hai^  already  oeeiured  in  ‘^e  orderiag 
aad/or  thsatities  for  preceding  time  intervals.  la  situatioas  iavolviag 
aatieipated  future  behavior  of  the  systeiay  i^e  sis&ilatioa  is  projected  into 
the  future  but  is  based  exclusively  oa  values  that  have  already  beea  deter- 
niaed. 

me  ^isatities  a^(t,v>j),  ag(t,v,d,m>J),  a^(t^v,m>j),  and  ag(t>v>d,J) 
are  detexmiaed  by  direct  exaniaatioa  of  the  situatioa  at  the  ead  of  me 
t-th  time  iatez^ai^  \Mle  is  detexmiaed  by  this  exaniaatioa  and 

the  value  of  8^(t  -  1).  me  v^>n^j^®^g^(v,d,m,j),g^(v^a,j)>i^(v>d,j), 
and  H^[f' 1  do  not  depead  oa  the  tine  interval  onasidered  uhile  the  B^(t>j) 
are  specified  indepeadeatly  of  the  sinnilatioa.  me  values  of  f>  U«  V>  L, 

J  i  M|  and  D  93^  specified,  some  of  the  other  fuaatities  vere  defined  in 
a  fuaetioaal  form  in  the  PlFlillflON  OF  NOmd^ON.  me  remaining  iuaa- 
tities  that  occur  ia  the  simulatioa  model  depend  oa  the  followiag  foxns 
of  fuactionel  relatlonsbipe: 

l^(t,v,n,J)  »  1^(t,v,m,jjq^(t-l,y,n,j),Sj^t-l,1^(t-l>v,tt,J), 

8||(  J )  /  J 1  /  St  t  #1,  ( t-1,  ▼,  a,  J ) ,  ^  ( V,  m,  J ) ,  j  1 ) 

%(t,v,d,j)  s  l^{t,r,d,J;l^(t-l,v,d^j),I^t-l,5^(t-l,T,d,J), 

gB(v,d,j),jl,Stt»l,Tg(t-l,v,d,4),gp(v,d,J),4l) 

4p(t,v,t^^^4^®b  *  Jp(t,4p(t-l,v,t^®),4^^j),y  t,i,v,t^®),4^^), 

4g(t-l,v,t^°^4^°^)3>Sp(t^®^y^4^®b)  for  t 
t  >  t^®^  and  equals  for  t  ■  t^°^ 


Hg  ( t-1,  y  t^l,  V,  t  ^  ®  ^  ^  ®  ^ ,  J  ^  ( V#  t  ^  ®  ^ 

d^°^)h%(v,0,0,d^®^),J^°^),N(t-l> 

v,m>  4  ,  J^( t^l,  v,m  t^**^ J  ]  > 

Sjj(t^“^^v,m,J^**^))  for  t  >  t^**^  and 
eqjials  for  t  ^ 

Ng(t.l,1^t^l,v,m,t(^),J^*‘),4^(t-l,v,m, 

*(**)/  J  (“))  1  >  Sq  ( ▼/  0,8, 4  »  J  -  “^  )  /»( t-1, 

yt.l,v,8,t^^),j(M),Jjj(t.l,y,8,t<>‘),j(»^))l, 

8e(y,o,8,4^”^),4^“^)) 

J^(t,v,d,t^«),4(»))  ^  4p(t,4^(t.l,y,d,t^^),4W),yt,i,v,d, 

t^^),J^®^Jj^(t-i,y,d,t^®^J^®bl,Sj,(t<®), 


J^(t,v,8,t(«),J<“))  . 
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for  t  >  and  eqaala 
for  t  s 


,v,d,t'”^J^0l 


tg{  t,  V,  d,  J^(  t,  V,  d,  )• 

tj^[  t-1,  v>  d^  t  j  ^  >  jg(  t-i>  V,  d>  > 

j  )  1 J  Njj  ( tg[  t-1,  V>  d^  t  J  > 

j  ),ii(t-i,fg[  t-i>  v,d,  j  j^(  t^i, 

v>  d>  t  j  1  >  8c(  v>  M,  j  >  j  ) 


i 

ij.r^m) 


^35“ 


(t)) 


J^(t)  =  trtien  s^(t«l)  =  1,6,  or  7 

n  when  s^(t-l)  =  2 


^  v^n  s^(t-l)  ^  3 

=  t^n  s^(t-l)  =  4  dr  5 


Pjj(dj  %  v^,  4(  ®^a^i  ta,  \,  4(  t)  1 ,  ng[  t»l,  ^,a^(  ta), 

Bpit-i,v^4^(t-i),jJt)];d^(t')>B^(t')>4ii(^^‘)/f^^^\t’); 
t'  =  o,i>**‘>t-i) 


Pj^'*^(djt)  #  Pjid;t,v^,J^(t);d^(t‘);f^(t'),J^(t')#dg(t',v,j),np(tSv,d', 
»,J),B^(tSv,m,j),n^(tSv,dSJ);(t'  * 

Jjv  =  1, ...#V;d'  =  ^  0,1/...#M)1 

d^(t)  .  d(u,d^(t*l),8^(t^l),dj^'i)(t),dj(^^t),t^^'»){t.l),y  t,T^^ 

d^(t-l),yt)l) 


iyf‘i  P 


tj°^(t),t^^“^(t)itj®^(t),8^{t^^®^(t)>v^*jjt^^^ 

M^(T^^"^(t)),J^(t)l,jJt))>H{t-l>tp^'*)(t-l),6p[v^,yt), 

H^{To^''^(t)),3^(t)l,jJt))l 

p  0  if  >  0  or  if  \tT^^'*^(t)  ^  0 

l^(t^l,  (t^l),§5^(  v^,M[  t)l ,  J  J  t)i ) , 

ij. (*)1  )# J J (*)3 ) 3  Ptheivise 
t  ^^3(t)  =  0  if  >  0  or  if  d  (t)  =  0 

X  V  ” 


t^(VV*3»VV'*^^*33)*4utTp^^^(t)])l  otherwise 
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=  0  a^(t)  =  0  and  -  d 

i^en  >  0  sod  tg^^^(t)  >  0 

dy(t)  >  d  and  tg^“^(t)  >  d 
=  vben  >  d  and  t^^^\t)  »  d 

=  idian  d^(t)  >  d  aM  tg^’*\t)  «  d 

d  »  d  vhen  Mjr  ^(t)]  *  d  or  tp^'^^(t)  >  d 

u  u  O  V 

=  otherwise 

=  d  when  d^(t)  ■  d  or  tg^“^(t)  >  d 
^  d^j[Tj,^“^(t)l  otherwise 
s^(t)  «  1  when  ^  d,tg^^^t)  ^  d 

-  2  when  -  d,tg^“^(t)  >  d 

.  5  when  >  d,tg^^)(t)  >  d,MjjCT^^'*)(t)]  >  0 


»  k  >  O^d^(t)  >  a^(t-i) 

=  5 >  o,tg^"^(t)  >  d,a^(t)  >  d>d^(t) 

-  y  t.l) 

=  6  v!i«a  >  o>tQ^“^(t)  »  o,i^[TQ^(t)l  >  d 

»  7  *0  >■  0,tg^"^(t)  »  d*a^(t)  >  d 

^  for  all  uS  Buoh  tMt  v^,  =  v^,J^,(t)  = 
8^,(t#l)  «  l,d^,(t)  s  d  and  m  d) 

n^(t,v,4)  »  n^(t,y,j,a^(t-l,v,j);v^,d^(t),H^j['l|^^®^(t)i,  for  all 
u,  such  tihat  ^  8^(t-l)  m  1) 

!Maldrn^(t,v,J^)  -  I^(t,j^)l) 

s(t)  s  functioa  that  cem  depend  on  any  of  ttw  slailated 

actual  resultB  (up  to  end  of  t-ith  interval)  and  any 
of  the  anticipated  future  results  for  all  possl^e 
cabined  choices  for  the  inresent  and  future  strategies 

e[t';t«t  (t)l  ^  ftskctira  that  can  depend  on  any  of  the  actual  resists 
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to  eod  of  t«th  iatean^)  and  any  of  the  aBtiei« 
pated  fataiTO  j^aults  that  az«  ohtained  on  bails  of 
Situation  at  end  of  tUth  interval^  ahes’e  t'  ^  t  t.(t) 

▼#  Ji>  Jg)  >Sg(  t,  V,  j  ),Sjj(  t,  v,a,  j )  i  Sg(  t^  v^d,  j ) 

>  stntegies  that  are  ehosen  from  all  eomblnatl^s  of 
possibilities  by  anticipating  future  behavior  of 
^stea,  along  lines  specified  in  tiie 
iiirlNITldif  dP  ifdl!A33dN>  md  use  of  e(t);  detexnines 

®g(b>  t' iggj  J )  >l^(t#  t '  t>  t' )  >w(  t>  t  r>g>  J ) 

s  functions  that  are  dlrectiy  obtained  by  anticipating 
future  bdiavior  of  aystea  (as  outlined  the 
DDlHITIdN  df  NdTAilidN)  using  the  selected  strategies 

This  eqng>letes  the  statement  Of  the  functional  relationships  among 
the  various  fuantltiea  that  occur  in  the  simulation  model  presented,  fhe 
mathematical  model  furnished  by  these  relationships,  and  their  order  of 
presentation,  seems  to  be  sufficiently  goieral  for  use  In  the  Investigation 
of  many  t/pes  of  logistics  situations. 
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Unclassified  report 

DBSCRIFTORS:  Logistics.  Simulation. 

Damage.  Mcnte  Carlo  Method. 

Descrihes  a  simulation  model  for  logistics 
operation  in  a  system  in  i^ich  natiusl 
attrition  and  induced  attrition  occtnr. 

Reports  that  the  capability  of  the  UNCLASSIFIED 


logistics  operation  is  examined  by  UNCLASSIFIED 

Simulating  the  operation  of  the  entire 
system  for  a  specified  tjjne  period. 

Further  reports  that  to  obtain  •^e 

Simulation  model,  the  overall  system  is 

divided  into  subsystems  and  that 

attrition  is  introduced  ly  a  Monte  Carlo 

procedure.  Repetitions  of  this  simulation 

furnish  an  indication  of  the  effects  of 

statistical  variation.  Concludes  that 

the  mathematical  model  famished  by  the 

relationships  of  the  various  quantities 

that  occur  in  the  simulation  model  presented, 

and  their  order  of  presentation,  seems  to  be 

sufficiently  general  for  use  in  the 

investigation  of  many  types  of  logistics 

situations.  UNCLASS^IED 


